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a b s t r a c t
The nucleation and growth of oxide scale at the early stages of oxidation of Ti3AlC2 ceramics was studied
via oxidizing at 1100 ◦C in air for short times (≤900 s). The nucleation of nanosized Al2O3 particles mainly
occurs at the ledges of the fractured lamellar Ti3AlC2 grains as well as on the {0001} basal surfaces. The





the {0001} basal surfaces. An oxide layer consisting predominantly of nanosized -Al2O3 forms after
oxidizing for 180 s. The formation of lenticular hexagonal pores in Ti3AlC2 grains is attributed to the faster
consumption of Ti, Al and C atoms along 〈1120〉 direction than along 〈0001〉 direction. With further
oxidation, rutile-TiO2 particles form on top of the -Al2O3 layer, and grow to form a rutile-TiO2 layer.


















nlayer both Al2O3 and TiO2
interface of Ti3AlC2 substr
. Introduction
Ternary carbide Ti3AlC2, belonging to the family of layered
ernary compoundsnotated asMn+1AXn withn=1–3,whereM is an
arly transition metal, A is an A-group element and X is C or N, has
ecently received extensive attention because it has a remarkable
nd attractive mechanical performance [1–8] and consequently is
potential candidate for high temperature structural applications.
ur recent work on Ti3AlC2 ceramic has demonstrated that Ti3AlC2
as also an excellent crack healing ability at high temperatures [9].
n fact microcracks on the surface can be repaired by the oxidation
roduct (Al2O3 +TiO2) of Ti3AlC2 via a high temperature oxidation
rocess of which the early stage is of particular relevance.
The oxidation behavior of Ti3AlC2 as such has been studied in
he past few years [2,10–14] as the moderate oxidation resistance
s a major obstacle for many applications. The results of Barsoum
t al. [10,11] about the oxidation of Ti3AlC2 revealed the formation
f an Al2O3-rich striated layer adjacent to the Ti3AlC2 substrate.
his striation was attributed to the demixing of a rutile-based
Ti1−yAlyO2−y/2) layer [10,11] formed on the surface suggesting that
he formation of the rutile-based (Ti1−yAlyO2−y/2) layer preceded
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© 2008 Elsevier B.V. All rights reserved.
he formation of Al2O3 layer. The experimental validation for this
ypothesis is lacking. Wang et al. [2,12] found that the oxide scale
f Ti3AlC2 had a two-layer structure: an -Al2O3 inner layer and a
utile-TiO2 outer layer. The inner layer did adhere to the substrate
ndwasmore or less continuous, which accounted for an adequate
xidation resistance of Ti3AlC2. It was suggested that the formation
f the -Al2O3 layer was caused by the inward diffusion of oxygen
hrough the outer TiO2 layer rather than outward ﬂow of Al [11].
owever, as of to date no experimental evidence has been provided
or this hypothesis. Detailed information about the early stages of
he oxidation of Ti3AlC2 is lacking.
While it is obvious that the continuity of the ﬁrst -Al2O3 scale
etermines the oxidation resistance of Ti3AlC2 ceramics, the for-
ation process of such oxide layer are not very clear because the
revious researches mainly focused on the oxidation behaviors
f long exposure time [2,10–14]. Especially, knowledge about the
ucleation and growth of the initial oxides on the Ti3AlC2 surface is
ot available due to the absence of solid experimental evidence.
imilarly, information about the early oxidation stages of other
AX phases, such as Ti3SiC2 [15], Ti2SnC [16], Zr3Al3C5 [17], etc.,
s also lacking. Therefore, a thorough understanding of the oxida-
ion reaction and microstructural evolution of the oxide scale at
he early stages of oxidation of MAX materials is crucial not only
or the improvement of the oxidation resistance of Ti3AlC2 bulk
eramics, but also for the microcrack healing process [9]. In this
tudy, the nucleation and growth process of oxide scale at the early
tages of oxidation of Ti3AlC2 ceramic at 1100 ◦C in air have been






























































Fig. 1. SEM micrographs showing the fracture surface of Ti3AlC2 samples: (a) fresh
fracture surface without any oxide particle; (b and c) nanosized oxide particles
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crutinized with scanning electron microscopy (SEM) and X-ray
iffraction (XRD). The formation mechanism of the oxide scale is
iscussed.
. Experimental procedures
A Ti3AlC2 bulk sample was prepared via an in situ solid–liquid reaction of Ti,
l and graphite powders under hot-pressing conditions. Detailed description of
he preparation can be found elsewhere [9]. SEM observation on the ﬁnal Ti3AlC2
ample showed that the Ti3AlC2 sample consists of lamellar grains with an aver-
ge length of ∼8m and an average thickness of ∼2m. The highly polished
i3AlC2 bar with a size of 32mm×2mm×3mm was fractured into pieces of about
mm×2mm×3mm. These small sampleswith fresh fracture surfaceswere placed
n an air-loaded furnace at a preset temperature of 1100 ◦C for isothermal oxidation
tudies. The reason for choosing the samples with fracture surfaces rather than the
onventional samples with ﬂat polished surfaces is that some speciﬁc crystalline
lanes are usually present at fracture surfaces, which is suitable for the study of
nisotropic characteristics of a crystal for some speciﬁc cases. This method provides
simple way for preparing single crystal with speciﬁc crystalline planes. Given the
mall dimensions of the samples and the good thermal conductivity of thematerial,
he samples were expected to reach the furnace temperature of 1100 ◦C within sev-
ral seconds. At the end of preset oxidizing times the samples were taken out from
he furnace and rapidly cooled in air.
The morphologies of the oxidized fracture surfaces of these samples were stud-
ed via a scanning electron microscope (SEM, JSM 6500F and JSM 7500F, Japan)
quipped with an energy dispersive spectroscope (EDS, Noran Pioneer 30mm2
i(Li) detector) for chemical composition analysis. The operation voltage for EDS
as 15keV. The phases formed at the fracture surface upon oxidation were deter-
ined with an X-ray diffractometer (Bruker AXS D5005 XRD, Germany) using Cu
 radiation under an operation voltage of 45keV.
. Results and discussion
.1. Nucleation and growth of oxides on the fracture surface
No nanosized particles were observed on the fresh fracture sur-
ace of Ti3AlC2; see Fig. 1a. But after oxidizing the sample at 1100 ◦C
or 20 s, nanosized particles, considered as the nuclei of the oxides
orm on the fracture surface. Some crystalline faces of the lamellar
rains have more particles formed, and the other faces are almost
article free; see Fig. 1b and c. It is noteworthy that the oxide nuclei
n the lateral surfaceof the lamellar grainprefer to align themselves
long the ledges (Fig. 1b and c). Fig. 1c shows that the oxidized state
f both crack surfaces of a partly cleaved grain is different fromeach
ther. The density of the oxide particle of surface A is higher than
hat of surface B. Cleavage of lamellar Ti3AlC2 grains occurs mainly
arallel to the hexagonal basal (0 001) plane [1,2,9,18], i.e. along
he interface between the octahedral Ti3C2 layer and Al layer due
o the relative weaker cohesive strength between Ti atom layer and
l atom layer governed by the Ti–Al metallic bonding [19,20]. One
an envision that one of the cleavage surfaces (i.e. basal (0 001)
urface) has a terminal layer consisting of Al atoms only, while the
ther surface is end-capped with a Ti3C2 layer. Nuclei of aluminum
xides and titanium oxides perhaps form simultaneously on the
wo cleavage surfaces. The energy states of Al and Ti in Ti3AlC2
re different from those in pure Al and TiCx. Nevertheless, we may
pproximately compare the chemical reactivity of Al and Ti atoms
n Ti3AlC2 with oxygen using pure Al and TiC, based on the crystal
tructure of Ti3AlC2 that can be described as periodic planar stack-
ng of sheets of edge-sharing Ti6C octahedral and close-packed Al
toms along the c-axis [1]. The Gibbs energies of the formation of
l2O3 with pure Al and the formation of TiO (or TiO2)with Ti in TiCx
renegative [21–23]. Indetail, theGibbs energy forAl2O3 formation
pon the reaction of Al atom with per mole O at 1373K is −413kJ,
nd for TiO2 formation upon TiC it is −28kJ [22]. It is thus believed
hat the cleavage surface with Al terminal layer is more easily oxi-
ized than that with a Ti3C2 layer on top. Therefore, more Al2O3
uclei than TiO2 nuclei may be expected to form. In theory it is




mraph of the area indicated by a box in (b). The oxidation of surface A of the cleavage
s more severe than that of surface B. Arrows indicate the oxide particles aligned at
he step edges on the lateral surface.
he diffusion of Al atoms through the Ti2C3 layer onto the outer sur-
ace may be relatively difﬁcult compared to the diffusion of atomic
l along the basal plane. Alternatively, atomic Al can ﬁrstly diffuse
nternally along the basal plane to the ledges of the basal surface,
nd then diffuses from the ledges to the outside surface.
The oxides nuclei on the lateral faces of lamellar grains are
ainly present at the ledges, and consequently form oxide strings,


































scale. ByusingEDS, similar enrichmentofAl on theoxidizedTi AlCFig. 2. Fracture surfaces oxidized at 1100 ◦C for (a) 20 s, (b) 60 s and (c) 180 s.
s indicated by arrows in Fig. 1b. The string-like morphology may
e due to three factors: (1) the lateral surface of lamellar grain has
mixture of layered Al atom chains and Ti3C2 chains. The nuclei
f Al2O3 certainly prefer to initiate along the Al atom planes; (2)
he inner Al atoms easily diffuse to ledges along the basal plane,
hich makes the ledges be preferential sites for the nucleation by
roviding sufﬁcient Al atoms; (3) compared with a smooth area,
step edge (rough area) has a high surface energy [24] and more-
oordinated sites, which is beneﬁcial for nucleation. These nuclei at
he ledges align due to geometrical constraints and grow over the
tep terraces to form string-like morphology with time, as shown




oig. 3. Formation of hexagonal pores: (a) aligned as pits on the lateral surface after
xidized for 180 s and (b) lying on the basal plane of Ti3AlC2 grain oxidized for 360 s.
me expansion and outgrowth of the oxides at the initial oxidation
tage of Ti3AlC2.
.2. Formation of oxide scale on the fracture surface
The oxide nuclei grow and coalesce as the oxidation progresses,
ndﬁnally adenseoxide scale formson the fracture surface in about
80 s. Meanwhile, the fracture surface becomes rougher due to the
ormation of oxide particles, as shown in Fig. 2c. Ordered oxide
article arrayswith an average thickness of 100nm(see also Fig. 4a)
n the basal surfaces of the lamellar grains are frequently observed.
hese arrays consist of nanosized semi-spherical oxide particles. As
ndicated by the dotted lines, the ordered arrays initiate mainly at
he edges of the basal surfaces, and then spread to the central parts
long speciﬁc crystalline orientations. XRD measurements do not
etect the Al2O3 and TiO2 phases on the surface oxidized for 180 s
ue to the very thin thickness of the oxide scale (∼100nm) and
he strong inﬂuence from the underlying Ti3AlC2 substrate. EDS
nalysis shows that the Ti/Al atomic ratio is about 2.7 measured
n the oxidized surface and slightly lower than the ratio of ∼3 in
he base Ti3AlC2. Meanwhile, oxygen is detected on the oxidized
urface, which corresponds to a high Al2O3 content in the oxide3 2
articles has been identiﬁed when Ti3AlC2 particles were exposed
o air at 800 ◦C for 2h [25]. As mentioned in Section 3.1, the oxide
uclei consist mainly of Al2O3 particles, and the outward diffusion
f Al atoms from the sub-surface of Ti3AlC2 grains is faster than that





































a coupled two-step oxidation process is most likely responsible for
the formationof thealignedhexagonal pores in the lamellar Ti3AlC2
grains.
Wang and Zhou [13] found that the aligned pores existed at the
oxidized surfaces of Ti3AlC2 powders after a thermal cycle treat-Fig. 4. Fracture cross-sections of oxidized Ti3AlC2 cer
f Ti atomsbecause theTi–Cbonding ismoredirectional and strong,
hereas the Ti–Al bonding is weaker [19,20]. Therefore, the initial
xide scale should contain predominantly-Al2O3. Previousworks
f Wang et al. [2,12] and Lin et al. [26,27] show that the -Al2O3
as still predominant in the oxide scale of Ti3AlC2 after oxidized at
100 ◦C even up for 20h, and only small amount of TiO2 crystallites
ere observed at the Al2O3 grain boundaries or within the Al2O3
rains [26].
.3. Formation of pores on the fracture surface
Small amounts of lenticular-pore chains are observed at the
ateral surfaces of the lamellar grains oxidized for 180 s (Fig. 3a).
he laminated hexagonal feature of the lenticular pores becomes
learer after oxidizing for 360 s (Fig. 3b). For its formation two
ypotheses may be formulated: (1) the consumption rates of Al, Ti
nd C atoms along 〈11 2¯ 0〉 direction of Ti3AlC2 grain are faster than
hose along the 〈0001〉 direction; (2) the consumption of Ti, Al and
atoms occur in a cooperative manner. The later explanation ﬁts
ith the experimental results ofWang et al. about the absence of an
l depletion layer or Ti-rich layer in the Ti3AlC2 sub-scale area [12].
owever, precise composition analysis of the Al2O3/Ti3AlC2 inter-
ace zone with transmission electron microscopy combining EDS
howed the existence of very thin (50–100nm) Al depletion layer
djacent to the interface [27]. It means that upon oxidation, ﬁrst Al
toms diffuse outwards to the substrate surface to react with oxy-
en. Due to the depletion of Al atoms on the basal plane, the Ti3AlC2
attices are distorted and become Ti3C2 separated by discontinuous
icropores. Al atoms lie on speciﬁc planes in the lamellar Ti3AlC2
attice, and thus the micropores are aligned. These pores provide
ast channels for the inward diffusion of oxygen and the release of
O2 or CO gas phase. Oxygen can ﬁrst enter the vacancy layers to
ossibly form Ti3C2Oy solid solution and oxidation of Ti3C2Oy pro-
F
tat 1100 ◦C for (a) 180 s; (b) 360 s; (c) 600 s; (d) 900 s.
eeds [13,28]. The whole oxidation process could be separated as
wo steps [13]:
Ti3AlC2 + (2y +3)O2 = 4Ti3C2Oy +2Al2O3 (1)
Ti3C2Oy + (20−2y)O2 = 12TiO2 +8CO2 (2)
nder low oxygen potential, CO rather than CO2 might form. Suchig. 5. XRD patterns of Ti3AlC2 oxidized at 1100 ◦C for 0 s, 360 s and 900 s, respec-
ively.




























































Fig. 6. Ion-beam polished cross-section of Ti3AlC2 ceramic oxidized at 1100 ◦C for
900 s (a) and the corresponding concentration proﬁle taking along the yellow ver-























i66 G.M. Song et al. / Materials Chem
ent from room temperature to 1460 ◦C in Ar containing 12ppm
xygen. The oxidation rate of Ti3AlC2 under such a condition with
xtremely lowoxygen content should be very low, and thus the oxi-
ation status is analogous to the oxidation early stages. Our present
bservationalso shows theexistenceof suchmicroporesat theearly
tages for bulk Ti3AlC2 samples. The laminatedhexagonalmorphol-
gy of Ti3AlC2 grain itself has already been identiﬁed by scanning
lectron microscopy or transmission electron microscopy [1–3]. It
s believed that such a morphology is caused by the relative higher
rowth rate of {11 2¯ 0} lateral plane of Ti3AlC2 grain than that of
0001}basal plane. This hypothesis has been conﬁrmed in Ti3SiC2,
hich has a similar hexagonal structure [29,30]. During the oxida-
ion process (or hot-etching), reversibly, the depletion rate of atoms
t {11 2¯ 0} lateral plane should be higher, and consequently, hexag-
nal lamellar pores form, which demonstrate the anisotropy of the
xidation rate of hexagonal Ti3AlC2 grain.
Although the fracture surface can be covered by a continuous
l2O3 oxide scale, small amount of pores disrupt the continuity of
he scaleandundoubtedlyprovidea fasterpath for the inwarddiffu-
ion of oxygen. These pores are undesirable for oxidation resistance
f Ti3AlC2 ceramics.
.4. Growth of oxide scale on the fracture surface
Cross-sectional views of the oxidized fractured surfaces are
hown in Fig. 4. After oxidation of 180 s, a thin continuous oxide
cale with a thickness of about 100nm covers the surface of the
ample (Fig. 4a). When the oxidation time increases to 360 s, the
xide scale grows with ﬁne faceted particles formed on top, and
he thickness increases to about 300nm (Fig. 4b). The faceted par-
icles further grow and the oxide scale thickens with time. Small
mounts of ﬁne pores are observed underneath the oxide scale
fter oxidization for 600 s. These ﬁne pores are adjacent to the
noxidized Ti3AlC2 substrate, indicated by arrows in Fig. 4c. After
xidation for 900 s, a developed porous layer formed underneath
he primary Al2O3 layer. Within the porous layer there are loose
articles (TiO2 +Al2O3); see Fig. 4d. The size of the loose particles
s about 50–200nm, which is much smaller than that of the outer
iO2 grains (or particles). Similar porous layers in the oxide scale of
he Ti3AlC2 after being oxidized at 1100 ◦C for 16h have been also
eported [11]. XRDpatterns presented in Fig. 5 and the EDS result of
he enrichment of Al in the oxidized surface conﬁrm that -Al2O3
s the dominant phase in the oxide scale when oxidized for 360 s,
hile rutile-TiO2 can be detected after being oxidized for 900 s in
ddition to -Al2O3 and Ti3AlC2 phases.
-Al2O3 is a fairly stable protective oxide, whose growth rate is
bout ﬁve orders of magnitude lower than that of TiO2 during the
xidation of Ti–Al alloy [31]. As a result, TiO2 outgrows Al2O3 to
orm a TiO2 outer layer. After the formation of TiO2 outer layer, Ti
ill diffuse quickly to the TiO2 layer to form a new TiO2 by react-
ng with the O absorbed at the surface zone of the TiO2 layer. The
ewly formed TiO2 is located mainly on top of Al2O3 layer rather
han beneath the Al2O3 layer because the diffusion coefﬁcient of
is an order of magnitude smaller than that of Ti in TiO2 grain
10], which results in an outward growth of TiO2 layer. Unreacted O
nally diffuses to the interface between the Al2O3 layer and Ti3AlC2
ubstrate and reacts with Ti3AlC2 substrate. With the loss of Ti, Al
nd C in Ti3AlC2, the Ti3AlC2 surface moves inward. The overall
eaction for the oxidation of Ti3AlC2 is,
Ti AlC +23O = 12TiO +2Al O +8CO (g) (3)3 2 2 2 2 3 2
nder low oxygen potential CO rather than CO2 might form. The
ass densities of Ti3AlC2, TiO2, and Al2O3 are 4.25g cm−3 [2],
.27 g cm−3 [32], and 3.99g cm−3 [33], respectively. Thus, with the






ormed on the primary ﬂat polished surface of Ti3AlC2 substrate, showing that the
hickening direction of the oxide scale after the formation of initial Al2O3 layer is
oth inwards and outwards.
nd 1.22unit volume TiO2 will be created according to Eq. (3) and
he densities of these phases, which results in 50% volume expan-
ion in solid state and mainly outward growth of the oxide scale.
bviously, the consumption of Ti3AlC2 and subsequent formation
f oxides will also lead to the withdrawal of the interface between
he oxide scale and bulk Ti3AlC2. The cross-section of an oxide scale
ormed on a polished surface of Ti3AlC2 sample after oxidation at
100 ◦C for900 swaspreparedvia ion-beamcross-sectionpolishing
JEOLSM-09010Cross SectionPolisher, Japan) and is shown inFig. 6.
he advantage of ion beam polishing is that the microstructure
f the sample can be more clearly explored with less mechanical
amage and deformation caused by the conventional mechanically
olishing. The white ﬂat layer consisting of Al2O3 particles repre-
ents the initial Al2O3 layer formed on thewell polished ﬂat surface
f theTi3AlC2 sample, indicatedbyadashed linebox. The thinAl2O3
ayer is not very homogenous in thickness. The inhomogeneity in
hicknessmay be caused by anisotropic oxidation characteristics of
arious grains at the polished surface. It is worth of note that the
iO2 grains in the outer TiO2 layer are large when the Al2O3 layer
s thin or less continuous, which demonstrate the importance of
dense and continuous Al2O3 layer on the oxidation resistance.t clearly shows that the thickening direction of the oxide scale
fter the formation of initial Al2O3 layer is outwards. The inward
hickening is caused by the consumption of Ti3AlC2 substrate due
o oxidation, resulting in an inward movement of the interface
G.M. Song et al. / Materials Chemistry a
Fig. 7. Schematic representation of the nucleation, growth and pore formation of
oxide scale on Ti3AlC2: (a) nucleation of Al2O3 on the ledges of the fractured lamel-
lar Ti3AlC2 grains; (b) formation of Al2O3 layer and nucleation of TiO2 at Al2O3
grain boundaries; (c) thickening of Al2O3 layer and outward growth of TiO2 layer
on Al2O3 layer; and (d) formation of porous layer once the inward grown Al2O3 can































Fig. 8. SEM micrograph and the corresponding element maps of Al, Ti and O acquired on
dashed line shows the position of Al2O3 oxide layer initially formed at the early oxidat
substrate.nd Physics 112 (2008) 762–768 767
etween the oxide scale and Ti3AlC2 substrate. The outward dif-
usion of Ti leads to the formation and subsequent outward growth
f TiO2 outer layer. An oxidation process is schematically shown
n Fig. 7. Firstly, Al2O3 nuclei formed on the ledges and surfaces of
he fractured lamellar Ti3AlC2 grains, and then grow to form a thin
l2O3 layer, which results in an outward growth of the oxide scale,
nd meanwhile TiO2 nuclei at Al2O3 grain boundaries, as shown in
ig. 7b and c. Then, the external oxygen diffuses inward through the
l2O3 layer to reactwith theTi3AlC2 substrate.With the sustainable
onsumption of Ti3AlC2 substrate and the subsequent formation of
xides, the oxide scale/Ti3AlC2 interface withdraws, and the out-
ard diffusion of Ti leads to the formation and subsequent outward
rowthofTiO2 outer layer; seeFig. 7d.Once the inwardgrownAl2O3
annot effectively compensate the volume loss of Ti3AlC2 caused by
xidation, a porous layer forms. The present experimental observa-
ion gives out a relative complete proﬁle about the oxidation from
xidation starting to oxide scale thickening.
After the formation of the Al2O3 layer, if TiO2 grows only on
op of the Al2O3 layer and Al2O3 grows beneath the Al2O3 layer,
2 vol.% pore will unavoidably form underneath the Al2O3 layer
ecause the formed Al2O3 can not compensate for the volume loss
aused by oxidation of Ti3AlC2. Under normal circumstances pores
re formed during a prolonged oxidation of Ti3AlC2 when TiO2 out-
rows Al2O3. The porous layer formed is a barrier for the diffusion
f the further Al and Ti atoms from Ti3AlC2 substrate to Al2O3 layer
nd TiO2 layer. Therefore, newly formed Al2O3 and TiO2 particles
esort on the Ti3AlC2 surface to construct an intermediate mixed
Al2O3 +TiO2) layer (with Al2O3-rich inside and TiO2-rich outside),
s proposed by Ref. [10]. Because the Al2O3-rich band contains a
ot of TiO2, the Al content in this band is lower than that in the
nitially formed Al2O3 layer, as revealed in Figs. 6 and 8. Owing to
a fracture cross-section of the oxidized Ti3AlC2 ceramics at 1100 ◦C for 900 s. The

































[68 G.M. Song et al. / Materials Chem
he competitive nucleation and growth in the restricted area, the
iO2 grains and Al2O3 grains are small. The outward growth of TiO2
rains on the inner Al2O3 layer is responsible for the formation of
he porous layer beneath the initial Al2O3 layer. The formation and
scape of the CO2 or CO further stimulates the formation of the pore
ayer.
. Conclusion
The following conclusions can be drawn based on the ﬁndings:
1) Predominantly -Al2O3 oxide nuclei form at the ledges of the
fractured lamellar Ti3AlC2 grains aswell as on thebasal {0001}
surfaces. The -Al2O3 nuclei grow rapidly along these ledges
and form aligned oxides. Next, they spread on the step terraces,
or directly on the {0001}basal surfaces to forman initial Al2O3
oxide layer.
2) The formation of lenticular hexagonal pores in Ti3AlC2 grains
is caused by the faster consumption of Ti, Al and C atoms along
〈11 2¯ 0〉 direction than along 〈0001〉 direction.
3) The thickening direction of the oxide scale after the formation
of initial Al2O3 layer is both inwards and outwards. The inward
thickening is caused by the consumption of Ti3AlC2 substrate
due to the oxidation, resulting in an inward movement of the
interface between the oxide scale and Ti3AlC2 substrate. The
outward diffusion of Ti leads to the formation and subsequent
outward growth of TiO2 outer layer. When the formed Al2O3
cannot compensate the volume loss of Ti3AlC2 caused by oxi-
dation, a porous layer forms underneath the -Al2O3 layer.cknowledgement
Financial support is from theDelft Center forMaterials Research
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